The prognosis of gallbladder cancer (GBC) is still poor despite advances in diagnostic tools and surgical techniques. The 5-year survival rate in patients with GBC is approximately 10%.[@b1] Gallbladder cancer is usually detected at an advanced stage when symptoms such as abdominal pain and jaundice have emerged. This diagnostic delay reduces the possibility of curative surgery. Indeed, early-stage GBC is often found only incidentally during cholecystectomy for cholecystolithiasis and accounts for only 1% of GBCs.[@b2],[@b3] Curative surgical resection is the best therapy for long-term survival. However, because many patients cannot undergo curative surgery, they must rely on chemotherapy and radiation therapy, which are limited in their efficacy. This is likely due to the aggressive phenotype of GBC including proliferation and invasiveness. Therefore, new therapeutic strategies for GBC are needed.

The relationship between developmental signaling and cancer initiation and progression has been recently acknowledged. Hedgehog (Hh) signaling is a key developmental pathway. There are three Hh ligands in vertebrates, Sonic (Shh), Indian, and Desert.[@b4] In the absence of a Hh ligand, Patched, the 12-transmembrane receptor, prevents Smoothened (Smo) activity. Smoothened is a 7-transmembrane effector of the pathway. In the presence of a Hh ligand, Patched becomes inactive allowing Smo activation. Smoothened activates the downstream Gli transcription factors Gli1, Gli2, and Gli3. Gli1 is a strong activator of downstream target genes and itself. Therefore, Gli1 localization within the nucleus is a biomarker of Hh activity. Previously we have shown that Hh signaling is activated in various kinds of cancer and that it contributes to the induction of malignant phenotypes. For example, it promotes high proliferative and invasive ability in pancreatic cancer, colorectal cancer, gastric cancer, and breast cancer.[@b5]--[@b8] In addition, a link between cancer stem cells and Hh signaling activation has been reported.[@b9]--[@b12] Currently, the Smo inhibitors erismodegib and saridegib are in clinical trials[@b13],[@b14] and the Smo inhibitor vismodegib was approved by the US Food and Drug Administration for the treatment of unresectable or metastatic basal cell carcinomas of the skin in 2012.[@b15] Thus, the Hh signaling pathway is a therapeutic target in some cancers. However, in GBC, the status of Hh signaling is still unknown. In the present study, we analyzed Hh signaling in GBC and determined if the Hh pathway might be a therapeutic target in GBC.

Materials and Methods
=====================

Cell lines
----------

We used GBC cell lines GBd15[@b16] and TGBC2TKB.[@b17] GBd15 and TGBC2TKB cells were cultured in DMEM supplemented with 10% FBS (Sigma-Aldrich, Hokkaido, Japan) at 37°C in a 5% CO~2~ humidified incubator.

Immunohistochemistry
--------------------

Tissue samples were obtained from patients with GBC who underwent resection at Kyushu University Hospitals (Fukuoka, Japan) from 2001 to 2012. The approval for the use of tissues was obtained from patients in accordance with the Ethical Committees of Clinical Study at Kyushu University. Paraffin sections of GBC were deparaffinized and rehydrated. The sections were bleached in 3% H~2~O~2~ for 30 min and then incubated in 10% rabbit serum with primary antibody for Gli1 (SC-6153, 1:250; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Shh (SC-1194, 1:100, Santa Cruz Biotechnology), or Smo (SC-6366, 1:100; Santa Cruz Biotechnology) at 4°C overnight. The samples were incubated with Histofine Simple Stain MAX PO (G) (Nichirei, Tokyo, Japan) and 3,3′-diaminobenzidine, and visualized using a hematoxylin counterstain. To estimate the number of positive cells, 10 independent areas were selected and total positive cell numbers in that area were counted. If more than 50% of the tumor cells were stained, protein expression was considered to be positive. The cut-off line for determination of positive cells was determined previously.[@b8]

Isolation of RNA and conventional and real-time RT-PCR
------------------------------------------------------

Total RNA isolation and cDNA synthesis were carried out as previously reported.[@b5] The conventional and real-time RT-PCR reactions were carried out using primers listed in Table S1. MasterMix Kit (Qiagen, Hilden, Germany) and iQSYBER Green Supermix (Bio-Rad Laboratories, Philadelphia, PA, USA) were used. In the conventional RT-PCR experiments, conditions were 95°C for 120 s and 35 cycles were completed.

Western blot analysis
---------------------

Protein samples were extracted using M-PER reagent (Thermo Fisher Scientific, Chicago, IL, USA). Immunoblotting was carried out with primary antibodies against Gli1 (SC-6153, 1:200), Shh (SC-1194, 1:200), Smo (SC-6366, 1:200), MMP-2 (SC-10736, 1:200), MMP-9 (SC-6840, 1:100), E-cadherin (SC-7870, 1:200), vimentin (SC-5565, 1:500) (all Santa Cruz Biotechnology), or α-tubulin (T6199, 1:1000; Sigma-Aldrich). Blots were developed with the ECL plus Western Blotting Detection System (Amersham Biosciences, Piscataway, NJ, USA).

Small interfering RNA transfection
----------------------------------

Small interfering RNA targeting of Smo (Lot\#130731), MMP-2 (Lot\#121127), or MMP-9 (Lot\#120606) were purchased from Dharmacon RNA Technologies (Lafayette, CO, USA). The indicated siRNAs were transfected into GBd15 and TGBC2TKB cells at a final concentration of 50 μM using Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Non-targeting siRNA (Dharmacon) was used as the negative control.

Proliferation assay
-------------------

GBd15 and TGBC2TKB cells were seeded onto 96-well plates at a density of 5000 cells/well and incubated with recombinant human Shh (rhShh; R&D Systems, Minneapolis, MN, USA) or the Smo inhibitor cyclopamine (Toronto Research Chemicals, North York, Canada) for 24, 48, or 72 h. Cell proliferation was determined by the absorbance at 492 nm (ref. 620 nm) using Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan). Forty-eight hours after *Smo*, *MMP-2*, and *MMP-9* siRNA transfection, the cells were reseeded onto 96-well plates and the proliferation rates were measured.

Cell invasion assay
-------------------

The invasiveness of the GBC cells was assessed by an invasion assay as described previously.[@b5] In brief *Smo*, *MMP-2*, or *MMP-9* siRNA were transfected into cells. After 48 h, 5 × 10^3^ cells were added to the chambers and incubated for 16 h. The total number of cells that had migrated to the lower side of the filter were fixed and stained with Diff-Quik reagent (Sysmex, Kobe, Japan) and then counted under a light microscope.

Gelatin zymography
------------------

The enzyme activity of MMP-2 and MMP-9 was assessed by gelatin zymography as described previously.[@b26] In brief, *Smo* siRNA was transfected into cells. After 48 h, protein samples were extracted and used in the gelatin zymography kit (Cosmobio, Tokyo, Japan) according to the manufacturer\'s instructions.

Immunocytochemistry
-------------------

Forty-eight hours after *Smo* siRNA transfection, the cells were immunostained with primary antibodies to E-cadherin (SC-7870, 1:500; Santa Cruz Biotechnology) followed by Alexa 488-labeled secondary antibodies (Life Technologies), as previously described.[@b19]

Soft agar colony formation assay
--------------------------------

Soft agar colony formation assays were carried out as previously described.[@b20] In brief, the cells were mixed into DMEM containing 0.3% agar and 10% FBS. Where indicated, each well was then covered with DMEM containing 1.0 μg/mL rhShh or 10 μM cyclopamine. Two weeks later, the colonies were stained with crystal violet (Sigma-Aldrich).

*In vivo* xenograft tumor model
-------------------------------

Five-week-old female athymic nude mice (BALB/c nu/nu) were purchased from Charles River Laboratories Japan (Kanagawa, Japan) and acclimated for 2 weeks. All animal procedures were approved by the Animal Care and Use Committee at Kyushu University (A25-027-0). TGBC2TKB cells transfected with *Smo* siRNA or non-targeting control siRNA were s.c. implanted into the flank (1 × 10^6^ cells in PBS per mouse) of nude mice (*n* = 5 in each treatment group). Tumor size was measured twice a week and the volume was calculated as follows: length × (width)^2^ × 0.5 mm^3^.

Statistical analysis
--------------------

All data are presented as the mean ± SD. Student\'s *t*-test was used to compare the variability between the two groups. *P* \< 0.05 was considered significant.

Results
=======

Expression of Hh components in GBC is significantly higher than that in normal gallbladder tissue
-------------------------------------------------------------------------------------------------

First, we evaluated the expression of Hh pathway components in GBC tissues from patients by immunohistochemistry. The ratio of female to male patients was 1.2:1.0 (20 women, 17 men). Distribution according to the stage of the UICC was: IA, *n* = 8; IB, *n* = 18; IIA, *n* = 2; IIB, *n* = 8; III, *n* = 1. Median age at time of diagnosis was 67 years; 68 years (range, 53--83 years) for men and 66 years (range, 42--85 years) for women (Table S2). The expression of Gli1 was detected in the nucleus of cancer cells in 19/37 (51.3%) GBCs (Fig.[1](#fig01){ref-type="fig"}a, red arrows), which suggests that Hh signaling is activated in GBC. Both Shh and Smo expression were also detected in 17/37 (45.9%) and 24/37 (64.9%) of the GBCs, respectively. The subcellular localization of Shh and Smo were mainly cytoplasmic in cancer cells (Fig.[1](#fig01){ref-type="fig"}a). Gli1 was not detected in the nuclei of normal gallbladder cells. The expression of Shh and Smo was notably elevated in GBC tissues versus normal gallbladder tissues where they were virtually undetectable (Fig.[1](#fig01){ref-type="fig"}b). These results suggest that Hh signaling is active in GBC and may play an important role in disease progression and severity.

![Expression of Hedgehog (Hh) components in gallbladder cancer is significantly higher than in normal gallbladder tissue. Immunohistochemical staining for Hh components in gallbladder cancer (a) or normal gallbladder (b) specimens. Clockwise (from upper left) are antibodies to Gli1, Smoothened (Smo), and Sonic Hh (Shh). A positive reaction is brown in color. Red arrows indicate Gli1 expression in the nucleus of cancer cells. Original magnification, ×400.](cas0105-0272-f1){#fig01}

Expression of Hh components in GBC cells also detected
------------------------------------------------------

We used GBC cell lines to characterize Hh signaling *in vitro*. As shown in Figure[2](#fig02){ref-type="fig"}, mRNA and protein products for of Gli1, Shh, and Smo were detected in GBd15 and TGBC2TKB cells.

![Expression of Hedgehog (Hh) components in gallbladder cancer (GBC) cells is also evident at mRNA and protein levels. (a) Total RNA from GBC cells (GBd15, TGBC2TKB) was reverse transcribed and the cDNA was subjected to conventional RT-PCR for the indicated mRNAs. GAPDH was used as control. (b) Protein extracted from GBC cells (GBd15, TGBC2TKB) was subjected to Western blot analysis for Hh components. Tubulin was used as the loading control. Shh, Sonic Hh; Smo, Smoothened.](cas0105-0272-f2){#fig02}

Recombinant human Shh augments proliferative and invasive phenotypes of GBC cells
---------------------------------------------------------------------------------

We hypothesized that Hh signaling may contribute to the malignancy of GBC. We examined the impact of Hh activation on proliferation and invasiveness. The addition of rhShh augmented the proliferation rate (Fig.[3](#fig03){ref-type="fig"}a) and invasiveness (Fig.[3](#fig03){ref-type="fig"}b) of GBd15 and TGBC2TKB cells. These results indicate that activation of Hh signaling further enhances the proliferative and invasive phenotypes of GBC cells.

![Recombinant human Sonic Hedgehog (rhShh) augments the proliferative and invasive phenotypes of gallbladder cancer cells. (a) GBd15 and TGBC2TKB cells were seeded onto 96-well plates at a density of 5000 cells/well and incubated with rhShh (at 0.1, 1.0, or 2.0 μg/mL) for 24, 48, or 72 h as indicated. (b) GBd15 and TGBC2TKB cells were incubated for 16 h in the presence or absence of rhShh (at 0.1 or 1.0 μg/mL). Migrated cells were quantified by bright-field microscopy. Error bars represent standard deviations. \**P* \< 0.05.](cas0105-0272-f3){#fig03}

Cyclopamine and *Smo* siRNA suppress proliferative and invasive phenotypes of GBC cells
---------------------------------------------------------------------------------------

To verify the link between Shh/Smo signaling and the phenotypic alterations in GBCs, we used cyclopamine, an inhibitor of Smo. In contrast to rhShh, cyclopamine suppressed proliferation (Fig.[4](#fig04){ref-type="fig"}a) and invasiveness (Fig.[4](#fig04){ref-type="fig"}b) in GBd15 and TGBC2TKB cells. To exclude the possibility of a non-specific effect of cyclopamine, we also used *Smo*-targeting siRNA. *Smo* siRNA transfection decreased *Smo* expression by 90% and *Gli1* expression by 70% (Fig. S1). *Smo* siRNA also significantly suppressed the proliferation (Fig.[4](#fig04){ref-type="fig"}c), and invasiveness (Fig.[4](#fig04){ref-type="fig"}d) of GBd15 and TGBC2TKB cells. These results suggest that Hh signaling can modulate the proliferative and invasive phenotypes of GBC cells and that *Smo* inhibition ameliorates the phenotype.

![Cyclopamine (Cyclo) and *Smo* siRNA suppress proliferative and invasive phenotypes of gallbladder cancer cells. (a) GBd15 and TGBC2TKB cells were seeded onto 96-well plates and incubated with cyclopamine (at 5, 10, or 20 μM) for 24, 48, or 72 h. (b) GBd15 and TGBC2TKB cells were incubated for 16 h in the presence or absence of cyclopamine (at 5 or 10 μM). Migrated cells were quantified by bright-field microscopy. (c) GBd15 and TGBC2TKB cells were transfected with *Smo* siRNA (siSmo) and incubated for 24, 48, or 72 h. (d) GBd15 and TGBC2TKB cells were transfected with *Smo* siRNA and incubated for 16 h. Migrated cells were quantified by bright-field microscopy. Error bars represent standard deviations. \**P* \< 0.05. siCont, control siRNA.](cas0105-0272-f4){#fig04}

Smooothened-regulated invasion mediated through MMP-2 and MMP-9
---------------------------------------------------------------

To explore how Hh signaling was inducing invasion in GBC cells, we examined whether MMP-2 and MMP-9 were altered in GBd15 and TGBC2TKB cells. The expression and enzyme activity of MMP-2 and MMP-9 in *Smo* siRNA transfected GBC cells significantly decreased compared with siRNA control cells as measured by quantitative RT-PCR (Fig.[5](#fig05){ref-type="fig"}a), Western blotting (Fig.[5](#fig05){ref-type="fig"}b), and gelatin zymography (Fig.[5](#fig05){ref-type="fig"}c). We then investigated the effect of MMP-2 and MMP-9 knockdown on the invasiveness of GBC cells. *MMP-2* siRNA and *MMP-9* siRNA transfection inhibited the expression by 80% for both enzymes (Fig. S2). Their knockdown did not affect proliferation (Fig. S3) but it significantly inhibited their invasiveness (Fig.[5](#fig05){ref-type="fig"}d). *MMP-2* siRNA and *MMP-9* siRNA cotransfection inhibited invasion more than either *MMP-2* siRNA or *MMP-9* siRNA transfection alone (Fig.[5](#fig05){ref-type="fig"}d). These results indicate that decreased cell invasion when Smo is inhibited is likely because MMP-2 and MMP-9 are not activated.

![Smoothened (Smo)-regulated invasion is induced through MMP-2 and MMP-9. (a) Quantitative RT-PCR, (b) Western blotting, and (c) gelatin zymography assay using *Smo* siRNA (siSmo) transfected GBd15 and TGBC2 cells. (d) Cell invasion assay using *MMP-2* siRNA (siMMP-2) and *MMP-9* siRNA (siMMP-9) transfected GBd15 and TGBC2TKB cells. siCont, control siRNA. \**P* \< 0.05.](cas0105-0272-f5){#fig05}

Smoothened-regulated invasion mediated through epithelial--mesenchymal transition
---------------------------------------------------------------------------------

Epithelial--mesenchymal transition (EMT) is another important factor in invasiveness.[@b21] Therefore, we also examined the effect of Smo knockdown on EMT in GBd15 and TGBC2TKB cells. An increase in the expression of E-cadherin and a decrease in the expression of vimentin were seen by quantitative RT-PCR (Fig.[6](#fig06){ref-type="fig"}a) and Western blotting (Fig.[6](#fig06){ref-type="fig"}b) after *Smo* siRNA treatment in GBd15 and TGBC2TKB cells. Furthermore, E-cadherin accumulated in the membrane of *Smo* siRNA transfected cells (Fig.[6](#fig06){ref-type="fig"}c, red arrow). As shown in Figure[6](#fig06){ref-type="fig"}(d), *Smo* siRNA transfection also substantially reduced the percentage of spindle-shaped cells and the cells tended to aggregate. These results suggest that decreased cell invasion following Smo knockdown is because of a lack of EMT in GBCs.

![Smoothened (Smo)-regulated invasion is mediated through epithelial--mesenchymal transition. (a) Quantitative RT-PCR (b) and Western blotting of E-cadherin and vimentin in *Smo*-siRNA transfected GBd15 and TGBC2TKB cells. (c) GBd15 and TGBC2TKB cells transfected with control siRNA (siCont) or *Smo* siRNA (siSmo) were immunostained with E-cadherin antibody (green) and DAPI (blue). Red arrows, E-cadherin accumulated in the membrane of *Smo* siRNA transfected cells. Original magnification, ×200. (d) GBd15 and TGBC2TKB cells transfected with *Smo* siRNA for 48 h before the number of spindle-shaped cells were counted using bright-field microscopy. Error bars represent standard deviations. \**P* \< 0.05.](cas0105-0272-f6){#fig06}

Hedgehog signaling enhances colony formation *in vitro* and inhibition of Smo suppresses tumor growth *in vivo* for GBC cells
-----------------------------------------------------------------------------------------------------------------------------

We next investigated the role of Hh signaling on anchorage-independent growth of GBC cells. The addition of rhShh significantly enhanced colony formation, an anchorage-independent phenotype, in GBd15 and TGBC2TKB cells (Fig.[7](#fig07){ref-type="fig"}a). Cyclopamine and *Smo* siRNA also significantly suppressed colony formation in GBd15 and TGBC2TKB cells (Fig.[7](#fig07){ref-type="fig"}b,c). These results indicate that Hh signaling affects anchorage-independent growth in GBC cells. To determine whether the observed changes induced by Hh signaling in cells is reflected *in vivo*, we investigated the tumorigenicity of GBC cells transfected with *Smo* siRNA in athymic nude mice. Subcutaneous tumors developed in three out of five mice injected with cells transfected with *Smo* siRNA. In contrast, all of the five mice injected with control siRNA transfected cells showed tumor development (Fig.[7](#fig07){ref-type="fig"}d). There were significant differences in tumor growth/size between *Smo* siRNA and control siRNA groups as well (Fig.[7](#fig07){ref-type="fig"}e). Furthermore, we confirmed that the expression of Gli1 and Smo in *Smo* siRNA transfected GBC cells were lower than in the controls (Fig.[7](#fig07){ref-type="fig"}f).

![Hedgehog (Hh) signaling enhances gallbladder cancer colony formation *in vitro* and inhibition of Smoothened (Smo) suppresses tumor growth *in vivo*. (a, b) GBd15 and TGBC2TKB cells were incubated with recombinant human Sonic Hh (rhShh) (a, at 0.1 or 1.0 μg/mL) or cyclopamine (Cyclo) (b, at 5 or 10 μM) for 14 days before colony formation was assessed. (c) GBd15 and TGBC2TKB cells were transfected with *Smo* siRNA (siSmo) and incubated for 14 days before colony formation was assessed. (d, e) TGBC2TKB cells were transfected with control siRNA (siCont) (*n* = 5) or *Smo* siRNA (*n* = 5), and then implanted into the flanks of athymic nude mice. The data represent the volume of each tumor (red arrows). Student\'s *t*-test was carried out between the tumor volumes of the two groups. (f) Gli1 and Smo expression were confirmed by immunohistochemistry in tumor tissue explants from the nude mice. Original magnification, ×400. Error bars represent standard deviations. \**P* \< 0.05.](cas0105-0272-f7){#fig07}

Discussion
==========

Hedgehog signaling is reactivated in many types of cancer.[@b5]--[@b8] Recently, Hh inhibitors have drawn much attention as potential therapies against refractory cancers.[@b22],[@b23] Previously, Li *et al*.[@b24] has shown that Hh pathway components are expressed in GBC. In the present study we focused on whether Hh signaling affects the function of GBC, especially the induction of the malignant phenotype including proliferation and invasiveness. We first examined the expression of Hh components in GBC specimens and established the expression of Gli1, Shh, and Smo. We followed this analysis with phenotypic assays in which we inhibited Hh signaling and determined the metastatic capability of treated versus untreated cells. Our findings using cyclopamine and *Smo* siRNA suggest that Smo inhibition may be useful for treating GBC.

Metastasis is responsible for cancer-related mortality. It is a multistep process that begins when cancer cells escape through the basement membrane. The gallbladder wall is thin and there are rich lymphatic and perivascular tissues around the gallbladder, facilitating cancer cell invasion into the surrounding tissues. Therefore, we investigated the significance of Hh signaling in GBC progression with respect to invasion. Degradation of type IV collagen in the basement membrane is required for invasion into adjacent blood or lymphatic vessels. Matrix metalloproteinases play critical roles in the degradation of the ECM.[@b25] Both MMP-2 and MMP-9 are type IV collagenases that have the ability to degrade type IV collagen.[@b26] Therefore, we focused on MMP-2 and MMP-9, which have been shown to correlate with Hh signaling in previous studies.[@b5],[@b18] In the present study, Hh signaling enhanced the invasive phenotype of gallbladder cells through upregulation of MMP-2 and MMP-9.

Epithelial--mesenchymal transition is defined as the loss of polarized epithelial character and the acquisition of a migratory mesenchymal phenotype. The association between Hh signaling and EMT has been previously reported in several types of cancer.[@b27]--[@b29] E-cadherin is one of the typical molecules facilitating cell adherence, such that the inhibition of E-cadherin expression is triggered by EMT, and this is used as index of EMT. In the present study, Smo inhibition enhanced E-cadherin expression. Snail, a zinc finger transcriptional factor, is an EMT-inducing transcription factor.[@b30] However, we did not find a correlation between E-cadherin and Snail expression (data not shown). Inhibition of the key metastasis suppressor E-cadherin can occur through a variety of mechanisms, including promoter hypermethylation of EMT-inducing factors,[@b31] or the action of microRNAs.[@b32] The exact mechanisms of EMT in GBC is still unknown and will require further investigation, but it is likely that Hh signaling may play a role.

Once cancer cells invade into blood or lymphatic vessels, they attach to distant tissues and anchor-independent growth occurs, forming metastatic tumors. Thus, we investigated the effect of Hh signaling on anchor-independent colony formation in GBC cells. We found that the anchor-independent growth was enhanced by exogenous rhShh and suppressed by Smo inhibition. Furthermore, the effect of *Smo* silencing in a xenograft model led to a decrease in tumor volume and number. These results suggest that Hh signaling may be a potential therapeutic target in GBC. However, the reasons why tumor tissue explants from siSmo do not express Smo or Gli1, even after 28 days, remain to be clarified (Fig.[7](#fig07){ref-type="fig"}f). We think that other signaling relevant to cancer proliferation, such as Akt or Erk, may contribute to tumor growth without Gli1 and Smo expression. It is our aim to investigate a molecule to explain these results.

In conclusion, our data suggest that Hh signaling is active in GBCs and plays a pivotal role in proliferation and invasiveness of GBC. Eligibility criteria is important for establishing Hh inhibitor treatment as standard therapy for GBC. We think that Smo and Gli1 protein-positive patients, as determined by immunohistochemically stained resected tumor specimens, may be eligible for Hh signaling inhibitor treatment. Our results will provide support for the development of new therapeutic strategies to treat refractory GBC.
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